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THEORETICAL AND PRACTICAL ASPECTS OF ROCK SCOUR 
PREDICTION 
By
George W. Annandale1, Erik Bollaert2 and Anton Schleiss3
ABSTRACT 
Annandale’s Erodibility Index Method (Annandale 1995) is a semi-empirical technique 
that is used to assess the erodibility of a wide variety of earth materials under varying 
flow conditions.  The method is based on the premise that the erosive power of water is 
highly dependent on pressure fluctuations, and that the relative ability of rock and other 
earth materials to resist scour is dependent on the unconfined compressive strength of the 
material, the shear strength between blocks of rock or soil particles, and geometric 
properties like block or particle size, and shape and orientation of the same.  Detailed 
research by Bollaert (2002) on the nature of pressure fluctuations in rock fissures and 
discontinuities, and application of fracture mechanics to describe the failure of rock 
confirms the premises used to develop Annandale’s method.   
INTRODUCTION
Simulation of rock scour can be accomplished by detailed constitutive modeling, semi-
empirical modeling or simplistic empirical correlation.  Bollaert’s (2002) research results 
form the basis for constitutive modeling of rock scour subject to plunging jets.
Annandale’s (1995) Erodibility Index Method allows semi-empirical simulation of scour 
of earth materials, including rock.  The methods of Mason and Arumugam (1985) and 
Yildiz and Üzücek (1994) are examples of procedures that use pure empirical correlation 
to estimate plunge pool scour resulting from plunging jets.   
Rock scours when the erosive power of water exceeds its relative ability to resist scour.
The erosive power of water is determined by pressure fluctuations that originate from 
turbulence in flowing water.  Amplified pressures in rock fissures and discontinuities 
result in breakup of the rock mass, and scour of the same.   
The resistance that rock offers to the fluctuating pressures within close ended fissures is 
largely dependent on its mass strength and the shape and size of the fissures.  Once 
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fissured rock has cracked, it is similar to rock with discontinuities.  Scour of such rock is 
largely dependent on the weight of rock blocks, and friction between the blocks.  Rock 
weight is a function of block size and shape.
This paper outlines elements of Bollaert’s (2002) work, which entails detailed research
into the nature of pressure fluctuations in rock fissures and fracture mechanics of rock,
and relates it to Annandale’s (1995) Erodibility Index Method, which is a semi-empirical
method relating the erosive power of water to the relative ability of earth material,
including rock, to resist scour.  The paper illustrates that the conceptual model that 
Annandale (1995) used to explain the role that pressure fluctuations play in rock scour is 
consistent with the findings of Bollaert (2002), as are the variables that were used to 
quantify the relative ability of rock to resist scour.
EROSIVE POWER
Erosive Power 
Annandale (1995) used the conceptual model shown in Figure 1 as the basis for 
explaining the role that pressure fluctuations play in scour of rock.  As water flows over 
rock, some of the water penetrates the rock discontinuities that act as conduits for 
transferring pressure fluctuations originating at the interface between the rock and the
flowing water.  Pressure fluctuations are considered to originate from the turbulence in
the flowing water.  The resultant of the pressure fluctuations over the rock blocks jacks 
them out of their position of rest (Figure 1a).  Once dislodged (Figure 1b), the blocks of 
rock are finally displaced from the dislodged position to a downstream location by the 
sediment carrying capacity of the water (Figure 1c).
By relating the rate of energy dissipation in flowing water to the standard deviation of 
pressure fluctuations within the water (Figure 2) Annandale (1995) argued that estimates 
of the rate of energy dissipation of flowing water could be used to represent the relative
magnitude of pressure fluctuations, and thus the relative magnitude of the erosive power
of water.  The rate of energy dissipation in flowing water is also known as stream power.
A simple expression that can be used to estimate the rate of energy dissipation is
P = Ȗ . Q . ǻE (1)
Where Ȗ = unit weight of water; Q = discharge of water; ǻE = energy loss.
Using this point of view Bohrer and Abt (1996) developed an equation that can be used to 
estimate the change in flow velocity in plunge pools subject to plunging jets:
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where v = flow velocity in plunge pool; Vi = flow velocity at location where the jet enters 
the pool; ȡi and ȡw = density of air and water respectively; g = acceleration due to gravity;
L = distance along centerline of jet within the plunge pool; Į = impingement angle
between jet and water surface at point of contact; z = elevation.
The rate of energy dissipation in the plunge pool is a discretized function of the total head 
at various elevations along the centerline of the submerged jet. Equation 4 shows a 
discrete calculation for the change in head between points j and j+1. As the velocity
decays with decreasing elevation, or increasing displacement along the jet centerline, the 
total head decreases. Equation 5 yields the corresponding available power per unit area,
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Equation (5) is used to estimate the rate of energy dissipation (relative magnitude of the 
erosive power of water) at any elevation within a plunge pool.  Scour potential and extent 
of scour is determined by comparing the magnitude of the rate of energy dissipation at 
the interface between the bottom of the plunge pool and the water.  Scour occurs when 
the rate of energy dissipation (stream power) is greater than the ability of the rock to 
resist scour (the stream power required to cause scour).
Bollaert (2002) conducted detailed research into the nature of pressure fluctuations, as 
summarized in what follows.
Pressure Fluctuations
Bollaert (2002) performed experiments to investigate the nature of pressure fluctuations
in rock fissures by discharging a high velocity jet into a container with a simulated fissure
at its base (Figure 3).  The high, near-prototype jet velocity caused significant turbulence 
in the container, resulting in fluctuating pressures at the entrance to the fissure located in 
the base of the container.  Pressure fluctuations at the entrance to and within the 
simulated fissure were measured with high frequency pressure transducers.
Measuring pressures at such high frequencies within the fissure lead Bollaert (2002) to 
the discovery that the fissure acts like resonance chambers, significantly amplifying 
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maximum pressures in closed fissures.  He furthermore discovered that open 
discontinuities also amplify pressure fluctuations, although to a lesser degree than close-
ended fissures.  The use of a near-prototype scale jets in the experiments furthermore lead 
to the discovery that substantial energy still subsist at frequencies of several hundreds of 
Hz.  This contradicts generally held beliefs that the spectral energy content in macro-
turbulent flows in plunge pools occurred mainly within the 25 Hz range (Toso & Bowers 
1988).
Bollaert (2002) also showed that air entrainment in the water entering the fissures played 
an important role in amplifying the pressures.  As increased air concentrations decrease 
the celerity of the water the conditions for resonance improve, resulting in significant 
pressure amplifications within the fissures.    An example of a time series showing 
pressures amplification within a fissure is shown in Figures 4.  The graph shows pressure 
fluctuations at the entrance to the fissure (pool bottom) and at the end of the fissure.  In 
open-ended discontinuities the pressure amplification was as high as 1.6 times the 
incoming kinetic energy.   
SCOUR RESISTANCE
Rock Scour Mechanics
Bollaert (2002) developed a Comprehensive Fracture Mechanics (CFM) model that can 
be used to simulate fracturing of rock with close-ended fissures and open-ended 
discontinuities.  The concept is based on the theoretical framework that is outlined in 
Bollaert (2002) and Bollaert & Schleiss (2001). As such, the model is completely 
physically based and represents a comprehensive assessment of the two major physical 
processes that govern break-up of rock: 1) hydrodynamic fracturing of rock joints, and 2) 
dynamic uplift of rock blocks.  Two failure criteria are relevant: 
o Failure of closed-end rock joints by propagation of the joints. This propagation 
can be instantaneous or time-dependent. The latter case involves failure by 
fatigue.
o Failure of open-ended rock joints by dynamic uplift or displacement of the rock 
blocks out of their surrounding mass.  
Fracture Mechanics theory transforms the hydrodynamic loading into is a stress intensity 
factor KI, and then compares this factor with the corresponding resistance of the material, 
which is expressed by the fracture toughness value KIc.  If KI > KIc instantaneous failure 
occurs.  In cases when KI < KIc, time-dependent failure by fatigue can occur.  Failure by 
fatigue depends on the number and the amplitude of the load cycles.  The fracture 
toughness KIc, representing the strength of good quality rock with few fissures can be 
related to the Unconfined Compressive Strength (UCS) of the rock by the equation:
KI, UCS =   (0.010) · UCS + (0.054·Vc) + 0.42 (6)
Where ıc = in-situ horizontal stress field.   
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Bollaert (2002) also showed that removal of rock surrounded by open discontinuities can 
be simulated by calculating the net force over blocks of rock.  Figure 5 illustrates that 
although the uplift pressure on the blocks for the three scenarios shown in the figure 
could be the same it would be easier to remove the rock blocks shown in Figure 5 (c) than 
those shown in Figure 5(a).  In addition the friction between the blocks of rock will also 
affect the ease with which blocks of rock could be removed.  The Erodibility Index used 
by Annandale (1995) uses the same variables to quantify the relative ability of rock to 
resist scour.   
Quantification of Scour Resistance
The Erodibility Index, a geomechanical index that can be used to empirically quantify the 
relative ability of earth material to resist scour is expressed as (Annandale 1995)
K = Ms . Kb. Kd. Js (7)
Where Ms = intact mass strength number; Kb = block size number; Kd = inter-block bond 
shear strength number; Js = ground structure number.
The intact mass strength number (Ms) represents the strength of a homogenous, “perfect” 
sample of earth material.  In order to acknowledge the roles of discontinuities and 
imperfections for determining the earth material’s relative ability to resist scour, the 
intact mass strength number is multiplied by other parameters.  The value of the intact 
mass strength number is adjusted by multiplying it with the block / particle size number 
(Kb), the discontinuity / inter-particle bond shear strength number (Kd) and the relative 
ground structure number (Js).
Ways to quantify each of these numbers are presented in Annandale (1995).  The mass 
strength number Ms is directly proportional to the Unconfined Compressive Strength of 
the rock.  The block size and orientation numbers are functions of the geometry of the 
rock blocks.  The inter-block shear strength number is dependent on the joint roughness 
and gouge in the discontinuities between the rocks.
EROSION THRESHOLD 
The erosion threshold established by the Erodibility Index Method relates the erosive 
power of water to the relative ability of earth material to resist scour (Figure 6).  The 
relative magnitude of the erosive power of water is quantified by the stream power of the 
water, and the relative ability of earth material to resist scour is quantified by the 
Erodibility Index.  The threshold relationship is based on analysis of a large number of 
field observations pertaining to scour of rock and other earth materials.   
Bollaert (2002) conducted sensibility studies comparing the CFM model with the 
Erodibility Index Method, which indicated a reasonable correlation (Figure 7).  The 
figure shows that the trend relating fracture dimension and time to scour are similar for 
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the CFM model and the Erodibility Index Method.  In Figure 7 the ratio a/B = 
relationship between the depth of fracture and thickness of rock block; c/W = ratio 
between fracture width and width of rock block; a/c = depth to width ratio of fracture; H 
= pressure head.   
CONCLUSION  
Bollaert’s (2002) research pertaining to the nature of pressure fluctuations in rock 
fractures and discontinuities, and his constitutive CFM model confirm the conceptual 
model used by Annandale (1995) in the development of the Erodibility Index Method.   
Annandale’s (1995) use of stream power (rate of energy dissipation) to quantify the 
relative magnitude of the erosive power of water is based on the concept that net pressure 
fluctuations acting on fractures and rock blocks lead to scour.  The nature of such 
pressure fluctuations, investigated in detail by Bollaert (2002), confirms their pivotal role 
in scour of rock.
The variables used to express the ability of rock to resist scour are similar in both the 
semi-empirical and constitutive modeling.   The Unconfined Compressive Strength of the 
rock quantifies the ability of “perfect” rock to resist scour.  Once rock contains open-
ended discontinuities, the geometric properties of the rock and friction (shear strength) 
between blocks of rock play an important role in determining its resistance to scour.  The 
Erodibility Index uses the concept of “perfect” rock as a base for quantifying its relative 
ability to resist scour, and then multiplies the mass strength number with other values to 
account for the impact of discontinuities that lead to “less perfect” rock, usually 
accounted in practice.
A comparison between constitutive modeling (the CFM model) and semi-empirical 
modeling (the Erodibility Index Method) indicates that the trends defining the 
relationship between scour and the erosive power of water are similar. 
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Jacking DisplacementDislodgment
Fig. 1 - Three stages of erosion of rock (Annandale 1995) 
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Fig. 2 - Relationship between rate of energy dissipation and standard deviation of 
fluctuating pressures (Annandale 1995). 
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Fig. 3 - Experimental facility for measuring pressure fluctuations in simulated rock 
fissures
Fig. 4 - Pressure amplification in artificial, close-ended fissure (Bollaert 2002) 
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Fig. 5 - Rock with open discontinuities (Bollaert 2002) 
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Fig. 6 - Erosion threshold for rock and other earth materials (Annandale 1995) 
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